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Introduction
Traditional in vitro diagnostics are time-consuming and require centralized laboratories, experienced personnel and bulky equipment. Recent advances in biosensor technologies have the potential to deliver point-of-care diagnostics that match or surpass conventional standards with respect to time, accuracy and cost. Antibodies (Abs), which are amongst the most exquisitely designed and engineered molecules in Nature, play a vital role in a number of sensor devices due to their exquisite target specificity and affinity.
Introduction to antibodies

The immune system
The immune system functions to protect the body against infectious organisms, which are potentially harmful to the host. It is divided into two main sub-systems; non-adaptive (innate) and acquired (adaptive) immunity. Innate immunity refers to non-specific defence mechanisms that come into play immediately or within hours of an antigen's appearance in the body [1] . Innate immune responses depend on physical barriers such as the skin in addition to groups of proteins and phagocytic cells, such as neutrophils, monocytes, macrophages, mast cells and dendritic cells, which recognize specific features of foreign molecules and become quickly activated to remove/destroy the invaders. In contrast, the acquired immune system is highly specific to a particular pathogen. Acquired immune responses are more complex than innate responses. The antigen must first be processed and recognized. Once an antigen is recognized, the acquired immune system creates an army of immune cells specifically designed to attack that antigen. Acquired immunity is controlled by lymphocytes, which are responsible for the secretion of immunoglobulins (Igs). Acquired immunity creates immunological memory after an initial response to a specific pathogen, which leads to an enhanced response to subsequent encounters with that pathogen. IgM, IgD, IgG, IgE and IgA [2] . The basic structure of an Ab is outlined in Figure 1 and it can be subdivided into two distinct building blocks; the antigen-binding fragment (Fab) and the constant fragment (Fc) [2] . An Ab has four polypeptide chains, i.e. two heavy chains and two light chains (either κ (kappa) or λ (lambda)), which are joined together by disulphide bonds [1] . The heavy chain is composed of one variable region (variable heavy or V H ) and three constant regions (C H1 , C H2 and C H3 ). The light chain has one variable region (variable light or V L ) and one constant region (C L ). The Fab component of the Ab contains the fragment variable (Fv) region, where the complementarity-determining regions (CDRs) can be located [2] . The CDRs form the antigen-binding sites of the Ab and confer antigen specificity. The Fc region is essential for mediating effector functions such as Ab-dependent cell-mediated cytotoxicity (ADCC), Ab-dependent cellular phagocytosis, antigen presentation to the immune system, degranulation, complement-mediated lysis, and regulation of cell activation and proliferation.
Monoclonal antibodies
Abs have been used extensively since their initial discovery as diagnostic tools in many different formats due to their exquisite specificity for their cognate antigen. Ab-based immunoassays are the most commonly used diagnostic assays and remain one of the fastest growing technologies for the analysis of biomolecules [3] . Conventional techniques for the preparation of Ab in antiserum against a specific target consistently result in the production of non-homogeneous Abs with different specificity and affinity, referred to as polyclonal Ab (pAbs) [4] . Monoclonal Ab (mAb) technology or hybridoma technology has revolutionized the use of Ab as tools for research for the prevention, detection and treatment of diseases. In hybridoma technology, a myeloma cell is rendered drug-sensitive through mutation of a growth-essential gene for hypoxanthine guanine phosphoribosyl-transferase (HGPRT). It is then fused with immune cells from a host immunized with the target antigen of interest and the resulting cells are grown in a medium containing a selective drug. Since the immune cells have a short lifespan in tissue culture and the myeloma cells are drug-sensitive, the only cells that will survive are those myeloma cells which obtained a normal HGPRT-encoding gene from the immune cells. Such cells also have a high chance of carrying the immune cell's Ab gene, resulting in the generation of a hybridoma that can grow continuously in vitro and secrete a single mAb [5] . Since its discovery, it has provided a number of advantages over the original art of pAb generation: (i) the hybridoma cell line is immortal and hence there is an unlimited source of homogeneous mAb; (ii) Ab with selective properties for specific targets can be generated; and (iii) the use of an impure antigen is acceptable considering that the detection of the target mAb is predominantly based on the selection strategy used. Over many years, mAbs generated using hybridoma technology have provided the means for developing a number of highly specific and reproducible immunological assays for the rapid and accurate diagnosis of an extensive list of diseases. Although traditional IgG mAbs have a future in the diagnosis/therapy of diseases, the introduction of recombinant Ab (rAb) technology and a deeper understanding of the action of Abs have paved the way for new and greatly improved Ab generation strategies for both therapies and diagnostics. Recombinant Ab technology allows the generation of Ab fragments that retain their stability and specificity [1] . In comparison with the parental Ab, these minimized Abs have several advantages in, for example, clinical practice, including better tumour penetration, more rapid blood clearance, lower retention times in non-target tissue and reduced immunogenicity.
Recombinant antibody technology
In the past, Ab fragments could only be generated by proteolytic cleavage which leads to the production of F(ab') 2 and Fab Ab fragment [1] . Two decades ago, Plückthun and Skerra [6] described the use of vectors in bacterial systems that could generate fully functional correctly folded Fv and Fab Ab fragments. These vectors could offer soluble Ab secretion directly into the periplasm space by means of its oxidizing environment, which contributes to the correct formation of disulphide bonds between the Ab domains [7] . Since then, Ab fragments have been produced in a variety of systems, such as mammalian [8] , insect [9] , yeast [8] , plant [10] and 'cell-free' [10] .
Fv fragments, composed of the V H and V L domains linked via a disulphide bond, are the smallest Ab fragments which function in antigen-binding activities. Stability issues associated with Fv Abs were overcome by introducing a flexible (Gly 4 Ser) 3 peptide linker into the Fv fragment resulting in the generation of a single-chain Fv or scFv. By incorporating a human constant κ light chain into the terminal of the V L region of an scFv, a single-chain Ab (scAb) fragment can be produced which can improve the stability and expression of scFv Abs. An additional extension to the scFv family is the Diabody (see Figure 2 for more detail). Here, the variable domains from two scFv Abs are expressed as two polypeptide chains with the domains connected by a short polypeptide linker, forcing heterodimerization of the two chains. Dimeric scFvs are composed of two scFvs linked via a naturally dimeric protein [1] . A diagnostically valuable variant to the dimeric construct, which facilitate direct detection, is a bifunctional scFv consisting of alkaline phosphatase (AP)-labelled scFvs. Single-domain antigen-binding fragments, known as nanobodies, are currently highly valued proteins for multiple applications, including fundamental research, diagnostics and therapeutics. Once an Ab fragment is generated, an appropriate selection or screening method, such as phage display [11] , is used to isolate high-affinity Abs from a vast library [1] .
Abs are excellent biorecognition components due to their exceptional specificity and affinity for their cognate antigen. Thus, they are ideal recognition elements for incorporation into sensors. A huge number of Ab-based biosensors are applied clinically for the detection of a variety of analytes. The following sections describe different approaches applied in the fabrication of sensors with particular emphasis on Abs and the development of immobilization methods for their incorporation to ensure optimal performance.
Antibody immobilization approaches
The performance of a bio/immuno-sensor depends on three critical factors: (i) its ability to immobilize recognition elements (biological molecules) while maintaining their natural activity; (ii) the accessibility of the recognition element to the relevant analyte in solution; and (iii) low non-specific adsorption to the solid support. The physicochemical properties of the interface or sensor surface play a significant role in accomplishing optimal immobilization of the Abs and limiting non-specific adsorption [12] . As mentioned above, immobilization of Abs onto a sensor surface without altering their specificity and immunological activity is one of the most crucial steps in the fabrication of an immunosensor. The immobilization step affects the detection limit, sensitivity and overall performance of the immunosensor [13] . The asymmetric macromolecular Ab can attach to the solid surface in many different orientations. If immobilization is through the Fc region and the binding site of the Ab is fully available for interaction with the cognate antigen then it can function very well, thus maximizing sensor performance. Immobilization of the Ab on to the sensor surface through the antigen-binding sites, encompassing the V H and C H regions, results in either decreased or entirely eliminated binding activity of the Ab [1] . performance. The extent of linkage between the Ab and the surface may also need to be carefully controlled. This can be successfully achieved if the Ab is engineered to have very well defined points of attachment, e.g. in the use of Ab fragments such as scFv, scAb or Fabs with tags such as polyhistidine, with biotin or engineered thiol points for linkage. However, this is harder to control where chemical crosslinking is utilized, e.g. to -COOH or NH 2 , as multiple crosslinks can reduce the overall Ab-binding capacity, e.g. by hindering access to the Ab-binding site.
Favourable orientation of Abs and minimum structural modification while immobilized on the solid surface can directly contribute to optimal immunosensor performance, with improvement performance factors as high as 200-fold compared with disoriented immobilization [13] . The orientation of Abs on sensor surfaces can be controlled by the interaction between specific reactive groups on the surface and on the Ab. Various approaches including functionalizing of the surface with specific groups, such as glutaraldehyde, carbodiimide, succinimide ester, maleinimide or periodate, or decorating it with nanostructures, have been reported in the literature to make the sensor surface more compatible for Ab immobilization with specific orientation [14] . The two main approaches that can be used for immunosensor fabrication are non-covalent and covalent immobilization. Figure 4 is a schematic representation of various immobilization methods used to immobilize Abs on to a sensor surface.
Non-covalent immobilization
Abs can be adsorbed on to the sensor surface via simple non-covalent forces, including electrostatic or ionic bonds, hydrophobic interactions and van der Waals forces. Adsorption is an attractive method due to its simplicity and can be classified as either physisorption or chemisorption. Physisorption involves mainly weak van der Waals forces and hydrophobic interactions whereas chemisorption is mainly based on electrostatic interactions between the Abs and the surface. Um et al. [15] showed the improved immunological activity of electrochemically immobilized Abs on to a poly-(2-cyano-ethylpyrrole)-coated gold electrode in comparison with physisorbed Abs. This improved activity was attributed to orientation-controlled immobilization. The overall performance of physically adsorbed Ab-based reusable immunosensors is usually low because of leaching and lack of functional orientation of Abs. Ab entrapment into conducting polymer films is another non-covalent approach, reported by John et al. in 1991 [16] , where Abs for human serum albumin were entrapped on a galvanostatically polymerized pyrrole on to a platinum wire substrate. Polyacetylene, polythiophene, polyaniline, polyindole and polypyrrole are some of the common conducting polymers that have been extensively used for immunosensor fabrication due to their exceptional biocompatibility in neutral aqueous solutions. Polyquinone is another class of smart materials for biomolecule immobilization. In addition to excellent biocompatibility, it also provides coupling and transduction abilities, thus avoiding the need for an additional redox label attached to the Ab or in solution. The 'label-free' immunosensor developed by Sun et al. [17] for carbofuran detection based on a silica sol-gel-entrapped Ab was shown to have a detection limit of 0.33 ng/ml. Silica sol-gel possesses a silicate network and provides a biocompatible microenvironment around the Ab [17] . In spite of the enhanced attachment, the sensitivity of an immunosensor based on entrapment can be compromised due to the burying of the active sites, resulting in poor immunological activity or recognition efficiency. Even though these untreated coupling schemes are favoured due to their simplicity, they allow only limited control over the orientation of the Abs and their practical use is constrained by mass transfer limitations through membranes or gels. This might restrict the correct and desirable immobilization via the Fc region, resulting in poor accessibility for the antigen-binding sites.
Covalent immobilization
Covalent immobilization of Abs on to various solid surfaces is the most intensely studied immobilization approach as it facilitates the long-term storage and reusability of immunosensors. Covalent binding involves surface modification in order to achieve reactive groups such as hydroxy, thiol, carboxy or amino groups on the surface for the subsequent Ab immobilization. Various surface modification techniques including chemical modification, photochemical grafting, plasma gas discharge and ionizing radiation graft co-polymerization have been developed. Coupling Abs to the sensor surface by targeting amine groups present in the lysine amino acid side chains of Ab is an extensively used form of covalent immobilization, due to the relative ease of access to these groups. However, such approaches could also react with amino groups in or close to the binding site, thus reducing Ab activity. Coupling of the amine groups of Abs with terminal carboxylated gold surfaces has also been widely used. The primary amine groups on Abs bind with reactive succinimide esters (formed by the reaction between carboxylic acid and 1-ethyl-3-(3-dimethylaminopropyl)-carbodi-imide (EDC) and N-hydroxysuccinimide (NHS)) to form a covalent linkage as shown in Figure 4 . Feyssa et al. [18] showed enhancement in the assay signal by immobilization of an anti-C-reactive protein (CRP) Ab in a microfluidic platform via amine covalent linkage, in comparison with passive binding. The reproducibility of an amine-coupled biochip was found to be comparable with a human-CRP enzyme-linked immunosorbent assay (ELISA) detection kit. Rahman et al. [19] developed an impedimetric immunosensor using a quartz crystal microbalance (QCM) for the label-free detection of bisphenol A (BPA) by covalently immobilizing a pAb on to a carboxylic acid group-functionalized nanoparticle. Under optimized conditions, the linear dynamic range of the developed BPA immunosensor was achieved between 1 and 100 ng/ml with a detection limit of 0.3 + − 0.07 ng/ml [19] .
Amine-coupling chemistry usually results in random orientation and less homogeneous binding due to the presence of excessive lysine groups in the Ab. Thiol groups can also be used for Ab immobilization; usually they give more homogeneous immobilization or may allow defined orientation of Abs in comparison with amine coupling, particularly where specific thiol groups have been added to Abs by either chemical or molecular biological approaches. Immobilization of Abs on to a sensor surface using a thiol group is typically based on thiol-disulphide exchange between thiol groups on the Ab and active disulphides introduced on to the surface. Ab fragments immobilized in defined orientation have been shown to achieve a 20-fold enhanced antigen-binding ability, compared with the randomly immobilized Abs, using amine groups [13] . The thiol-coupling approach was proved to be successful with Ab fragments. A sensitive and selective impedimetric immunosensor for the detection of peptides derived from avian influenza haemagglutinin H5 using a Fab Ab fragment immobilized on a gold electrode surface via thiol coupling was reported by Jarocka et al. [20] .
Another covalent approach involves the generation of active aldehyde groups by oxidizing hydroxy (-OH) groups of carbohydrates present in the Fc region of Abs using sodium (NaIO 4 ) or potassium (KIO 4 ) periodates. The resulting activated diol groups can be linked efficiently on amine-functionalized surfaces, resulting in partially oriented covalent Ab coupling on the sensor surface. Lin et al. [21] designed a simple and effective boronic acid-assisted strategy for covalent and site-specific Ab conjugation on magnetic nanoparticles (MNPs) through boronate formation at the carbohydrate moiety of the Fc domain. The immobilization method via a glyco moiety demonstrated significant enhancement in immunoaffinity extraction compared with the Ab immobilized through Protein G. However, the usage of highly reactive chemicals for carbohydrate moiety oxidation might occasionally result in the involuntary oxidation of amino acids such as methionine, tryptophan or histidine at different positions on the Ab with the potential to reduce binding capacity. Other associated limitations as mentioned by Shriver-Lake et al. [22] with the use of the carbohydrate-based immobilization procedure involve time delays due to more steps in the procedure, increased loss of Ab and also loss of activity of some of the mAbs after the periodate treatment. They observed 50% losses in the Ab prior to immobilization due to the number of steps in the procedure.
Affinity-based immobilization
Despite the robustness of covalent immobilization it is still not ideal, owing to drawbacks such as partial denaturation and the lack of definite orientation associated with the method. Thus, other non-physical immobilization strategies such as the use of biotin-avidin or immobilizing intermediate binding proteins, such as Protein A or G, first on to the sensor surface followed by the subsequent capture of Abs were introduced. These proteins have a high affinity and binding specificity towards the Fc region of a wide range of Abs, thus encouraging Ab immobilization via the Fc region on the sensor surface. de Juan-Franco et al. [23] introduced a new, simple and fast oriented Ab immobilization approach, using a fusion protein, the Protein A-gold-binding domain (PAG). The human growth hormone-specific immunosensor fabricated using the PAG immobilization approach showed better sensitivity with a limit of detection of 90 ng/ml and inter-chip variability lower than 7 % compared with conventional methods [23] . The biotin-tagged Abs can easily be captured on avidin or streptavidin, or genetically derived combinations of both proteins, which are conjugated with functionalized polymeric and metallic surfaces. Barton et al. [24] achieved much higher sensitivities with an avidin-biotin interaction-based immunosensor in comparison with an entrapment-based immunosensor. Ionescu et al. [25] reported a highly sensitive label-free impedimetric immunosensor for the detection of atrazine, a herbicide. They immobilized the anti-atrazine Ab fragments via affinity binding on to a polypyrrole film N-substituted by nitrilotriacetic acid (NTA) electrogenerated on a gold electrode. The subsequent charge transfer resistance analysis measured as low as 10 pg/ml of atrazine with a working range of 10 pg/ml to 1 μg/ml [25] . Trilling et al. [26] showed the in vivo biotinylation of variable domains of llama heavy-chain antibodies (V HH ) at the lysine position of the Avi-tag. Although the in vivo biotinylation was time-consuming, uniform orientation improved analyte binding more than 200-fold with up to 227-fold sensitivity enhancement [26] .
Engineering antibodies for immobilization
Recombinant Abs have several desirable characteristics including low molecular mass, increased flexibility, high physico-chemical stability and easy access to the antigen which makes them a potential substitute for naturally generated Abs. The directed immobilization approaches developed for intact Abs based on the Fc domain or carbohydrate moiety cannot be used with rAbs or Ab fragments such as scAbs or scFv, due to the absence of the glycosylated Fc domain. Various approaches have been developed to engineer scFv or scAb during their generation so as to easily immobilize them on to the solid surface without denaturation. Ab fragments can be engineered to have positively charged amino acids (e.g. arginine or Arg) in the peptide linker or a 6-histidine amino acid sequence on the C-terminus for immobilization via electrostatic and non-covalent interactions, respectively. Bioaffinity methodology can also be used to immobilize scFv on to streptavidin-coated surfaces by conjugating to biotin via free amines on the scFv. Metal-binding cysteine (Cys) or histidine (His) amino acids in the peptide linker in engineered scFv allow correct self-assembly on to metal surfaces. Figure 5 is a schematic representation of different types of immobilization approaches used for immobilizing rAbs on to sensor surfaces.
A wide variety of sensing transducers have been developed by using rAbs to substitute for intact Abs to develop immunosensors. Table 1 outlines some examples of rAb-based immunosensors. The high specificity of rAbs allows the use of a single rAb to detect an antigen, thus eliminating the need for a second antigen-specific Ab. Additionally, the small size of rAbs permits immobilization on to an immunosensor surface at high density, thus resulting in enhanced assay avidity, sensitivity and stability. 
Conclusion
The performance of any immunosensor is largely dependent on the type of Ab and the associated Ab-immobilization approach used to fabricate the sensor. Abs play a crucial role in determining the sensitivity and specificity of an immunosensor. A crucial factor in sensor development is the immobilization strategy used with the Ab or biorecognition ligand. Several studies have demonstrated the enhancement in antigen-binding activity by oriented Ab immobilization on a sensor surface. Different types of Abs with a wide variety of immobilization strategies have been discussed in this review. However, the limitations associated with all the described strategies illustrates that a single optimum method is not yet available. Recombinant Ab fragments are valuable and robust tools for the fabrication of immunosensors. Unlike conventional Abs, rAb fragments are of small size, highly stable and can be easily genetically manipulated to have highly oriented immobilization on the sensor surface. In spite of these benefits of rAbs, their applications in the field of immunosensors are still not well exploited. Recombinant Abs are expected to show significant additional promise for the generation of Ab-based sensors with many novel applications in biomedical diagnostics.
Summary
• Antibodies are large Y-shaped proteins produced by plasma cells that are utilized by the immune system to identify and target pathogens such as bacteria and viruses.
• Their small size, high stability and easy genetic manipulation make recombinant antibody fragments valuable and robust tools for the fabrication of immunosensors.
• Antibody-based biosensors have revolutionized diagnostics for the detection of a plethora of analytes such as food and environmental contaminants, biological warfare agents, illicit drugs and disease markers.
• Immobilization of antibodies on to a sensor surface without altering their specificity and immunological activity is one of the most crucial steps in the fabrication of a successful immunosensor.
• The immobilization step affects the detection limit, sensitivity and overall performance of the immunosensor.
• Orientation of antibodies on sensor surfaces can be controlled by the interaction between specific reactive groups on the surface and on the antibody. 
